Genetic variation in catechol-O-methyltransferase (COMT), encoding an enzyme critical for prefrontal dopamine flux, has been studied extensively using both behavioral and neuroimaging methods. In behavior, pleiotropic action of a functional Val 158 Met (rs4680) polymorphism on executive cognition and emotional stability has been described and proposed to be of evolutionary significance (the 'warrior/worrier' hypothesis). We conducted a meta-analysis of all available neuroimaging studies of rs4680 to investigate the evidence for a neural substrate of this behavioral pleiotropy. We show significant association between the COMT genotype and prefrontal activation, with large (d = 0.73) effect size without evidence for publication bias. Strong and opposing effects were found for executive cognition paradigms (favoring Met allele carriers) and emotional paradigms (favoring Val), providing meta-analytical evidence for a neural substrate for the pleiotropic behavioral effects of COMT genetic variation and validating the use of intermediate phenotypes as a method to bridge between genes and behavior.
Introduction
Although the heritability of many psychiatric disorders is high, making progress using clinical phenotypes in identifying and understanding genetic mechanisms has been difficult. This has suggested a strategy of moving the level of inquiry closer to the genetic substrate by studying the underlying biological quantitative traits. 1, 2 In particular, neural intermediate phenotypes (or neural 'endophenotypes') can be studied through modern neuroimaging techniques, which allow thorough characterization of brain structure and function in vivo. 3 Although this approach of 'imaging genetics,' which has been proposed to increase the effect size of genes on brain function related to behavior, 4 has been applied broadly, controversy exists 3, 5 about its merits because the field is young and meta-analyses scarce and it remains debated (a) whether neural intermediate phenotypes are indeed more penetrant than behavioral ones and (b) whether such findings on the neural circuit level, even if reliable and highly penetrant, strengthen the candidacy of studied genetic variants for the neuropsychiatric disorders themselves.
Of the many risk gene variants studied in psychiatry, a well-suited choice to assess the usefulness of imaging genetic phenotypes exists in the gene encoding for the enzyme, catechol-O-methyltransferase (COMT), which has attracted considerable attention as a promising candidate gene for both cognitive function and mental illness. In the nervous system, COMT mediates the extraneuronal degradation of the catecholamines dopamine, norepinephrine and epinephrine through 3-O-methylation of the benzene ring. Dopamine action at the synapse is terminated either by dopamine transporter reuptake, through diffusion out of the synapse, or by COMT catabolism. As dopamine transporters are scarce in the prefrontal cortex, 6 COMT is a critical determinant of prefrontal dopamine flux. 7, 8 COMT has been proposed as a schizophrenia susceptibility gene from several lines of evidence. The COMT gene is located at 22q11.2, a chromosomal region that has been implicated in schizophrenia by linkage. 9, 10 Further, a microdeletion syndrome in the region of the COMT gene, velo-cardio-facial syndrome, is known to be associated with a high rate of psychosis, 11 and recent results on sporadic microdeletions in schizophrenia have confirmed the relevance of this region.
Much research has, been focused on a common single nucleotide polymorphism in the COMT gene, rs4680 (Val 158 Met), which is functional by affecting the thermostability of the protein, resulting in a 3-4-fold reduction in enzyme activity in Met-allele carriers. 12 Neuroimaging studies using executive cognition tasks as a probe to activate the prefrontal cortex, such as the N-back working memory task, have shown that this coding variant affects prefrontal cortex activation. [13] [14] [15] [16] [17] [18] [19] [20] In addition, this variant also influences the functional coupling of prefrontal cortex (PFC) with the hippocampal formation (HF), 21 showing abnormally persistent coupling between dorsolateral prefrontal cortex and HF during working memory for Val-allele carriers. This suggests that the COMT Val allele might increase the risk for schizophrenia by enhancing dopamine catabolism, which in turn impairs the functional efficacy of PFC. 12, 19 However, despite the fact that this polymorphism has been consistently linked with measures of prefrontal efficacy, earlier data on the association of this particular coding variant with schizophrenia or neurocognition [22] [23] [24] have been rather inconclusive. 19, 25, 26 Brain-behavior associations for schizophrenia will not be pursued further in this paper (but see References 3, 5) . Interestingly, the impaired performance in the lateral PFC-dependent executive function in Val-allele carriers goes along with improved emotional regulation in this same genetic group, as evidenced by the decreased incidence of anxiety disorders, [27] [28] [29] [30] [31] [32] increased pain sensitivity 33 and reduced anxietyrelated traits. [34] [35] [36] [37] It has been proposed that this reciprocal effect on emotion and cognition represents a tradeoff between the cognitive efficiency and emotional resiliency that maintains each allele in the population, because each confers an environmentspecific selective advantage-(Goldman's 'warrior/ worrier' model 38 ). Further, a comparable dissociation between COMT effects on cognitive and emotional processing has been recently reported in an animal study comparing mice overexpressing the COMT Val allele with COMT knockout and wild-type mice. 39 Again, imaging genetics studies have provided systems-level evidence supporting this behavioral dissociation by showing an effect of rs4680 on activation during tasks with emotional processing components. [40] [41] [42] [43] As a considerable amount of data exists on COMT rs4680 and imaging, the goal of this paper was to use a meta-analytic technique to study the neural correlates of the pleiotropic effect of rs4680 on executive cognition and emotional processing. In addition, we aimed to derive effect sizes for this variant on the level of brain function to study whether the principal tenet of using intermediate or endophenotypes, that is, increased penetrance on the level of biological phenotypes, is true in imaging genetics.
Materials and methods
Search strategy and selection of studies Literature research was conducted on two electronic databases, MedLine and PubMed, for the period of the first available article until 28 May 2008. The search terms were 'COMT' or 'catechol-O-methyltransferase' and 'fMRI (functional magnetic resonance imaging)' or 'magnetic resonance imaging' in the title or in the abstract. All articles reporting the influence of the COMT Val 158 Met polymorphism on prefrontal activation were included, independent of the type of task, gender, ethnicity, diagnostic group and age. Only overview articles or articles presenting only region of interest analyses of non-prefrontal areas were excluded. If the results were not described sufficiently for inclusion (as was especially the case for non-significant effects), the corresponding authors were contacted and asked to provide us with the missing information. Three authors did not provide us with sufficient information that could be included in the meta-analysis.
Data extraction
The following information was extracted from the papers included: Names of the authors, publication year, sample size, sample age, ethnicity, HardyWeinberg Equilibrium (which was calculated if not reported), task, performance differences, brain area with activation differences in the prefrontal cortex, hemisphere, T-score, Z-score and P-score. If several significantly activated clusters in the PFC were reported within one study, the most significant one was taken. The assignment of activations as prefrontal was lifted from the original paper. However, reported activations that were wrongly assigned to the frontal cortex, as defined by the Talairach Daemon database (http://www.talairach.org/daemon.html), were excluded. From studies reporting two different types of tasks, the results of both tasks were included.
Most of the reported P-scores were family-wise error or false discovery rate corrected. However, for comparability, the uncorrected P-scores were calculated by means of the reported Z-or T-scores and the corresponding sample size.
Data analysis
The meta-analysis was conducted using the statistical software package Comprehensive Meta-Analysis Version 2 (Biostat, Englewood, NJ, USA). Effect sizes are normally calculated on the basis of the means of two groups (or time points) divided by the pooled standard deviation. The Comprehensive Meta-Analysis software package provides the possibility of estimating effect sizes by means of the P-score and the sample size, without entering information about mean and standard deviation. In addition, it is possible to combine the results of different data analyses, in our case from t-test and regression analysis. These features make the software especially useful for meta-analyses of brain imaging studies.
A problem with meta-analysis on single nucleotide polymorphism effects is that different authors use different approaches to analyze their data. Although some papers report differences between groups with vs without a specific allele, others compare the homozygote allele carriers only or use one-way ANOVAs (analyses of variance) to compare all three genotypes (homozygotes and heterozygotes) within one analysis. Barnett et al. 22 try to overcome this problem by comparing both possible allele groups separately and look on Val-dominant (Val/Val and Val/Met vs Met/Met) and Met-dominant (Met/Met and Val/Met vs Val/Val) models. However, this approach was not applicable to this study, because the information about all particular group means was not available. Therefore, we decided to treat the linear contrast from those studies reporting ANOVAs, such as two sample t-tests between the homozygote groups. Owing to a reduction of sample size and an increase of the degrees of freedom using this method, the resulting effect size of those studies must be regarded as slightly overestimated. On the other hand, as we used the number of homozygotes as the sample size for those studies, the weights within the metaanalysis were reduced, leading to a compensation of this overestimation. Anyway, one has to keep in mind that this procedure results in a slightly inaccurate estimation of the real effect size. On the other hand, excluding all studies reporting ANOVAs would have led to unjustified study selection and a large data loss.
The first analysis step was to run a fixed effects model with the standardized mean difference (Cohen's d) as the overall effect size index. A fixed effects model assumes that sample effect sizes are homogeneous and that all variability in effect sizes between the studies is caused by sampling errors. 44 The significance of the effect was determined by a Z-test. Afterwards, the data were checked for heterogeneity and the analysis was rerun within a random effects framework. The random effects model assumes that variability between the sample effect sizes is not only due to sampling errors within the study but also due to between-study heterogeneity. The random effects analyses yields in a wider confidence interval (CI) and allows population inference. 45 The significance threshold was set by P < 0.05 for all the analyses and the results are reported with the B95% CI.
As all studies that investigated the influence of the COMT polymorphism on prefrontal activation were included in the overall meta-analysis, we conducted additional analyses with more homogeneous subgroups of studies using fixed effects models. Therefore, studies focusing on emotional processing and on cognitive processing were reanalyzed separately. Finally, the 'Cognitive processing' subgroup was further divided into a subgroup of studies investigating working memory using N-back tasks ('N-back') and a subgroup of studies investigating memory encoding ('Encoding'). Several of the studies included here originate from Daniel Weinberger's laboratory at NIMH, the Genes, Cognition and Psychosis Program, raising the possibility of data overlap. From the published material and our own knowledge from having worked on these studies, we identified two papers 18, 46 from this group that report partially overlapping data sets. As a conservative post hoc test of whether this could have affected our results, we therefore reran the random effects model without the study by Tan et al., 2007a.
We also investigated potential publication bias by means of the visual inspection of a funnel plot and by Egger's test. 47 Egger's test is a linear regression method that has superior power to detect asymmetries in comparison with other tests, such as the rank correlation test 48 or other regression tests, especially if there is high heterogeneity between studies. 49 To explore the influence of potential confounding factors in the meta-analysis, the effect size and the standard error of the effect size of the studies were plotted for a visual inspection of outliers or clusters as recommended by Rosenthal and DiMatteo. 50 This visual inspection of the effect sizes as well as standard error of the effect sizes showed the first two conducted studies 16, 17 and the study by Bishop et al. 51 as a cluster. Therefore, to test for the potential influence of publication time on the results, a metaregression with year of publication as moderator was conducted. Furthermore, the meta-analysis was rerun without these three studies. The meta-regression was carried out with a mixed effects regression to meet the demands of a random-effects framework for metaregression. 52 The visual inspection of the effect size but not the standard error further showed a cluster including those studies investigating emotional processing, giving additional support for the subdivision in 'Cognitive processing' and 'Emotional processing.'
Results
Altogether, the results of 20 studies that met the search criteria could be included in the meta-analysis. These studies were published between 2001 and 2008. The details of the individual studies are reported in Table 1 . Fifteen studies reported the data of healthy subjects, one of schizophrenia siblings, one of patients with 22q11.2 deletion syndrome, one of patients with panic disorder and two of patients suffering from Parkinson's disease. A Caucasian population was reported in 12 papers, whereas mixed ethnicity was reported in one paper and in seven papers ethnicity was not reported at all. The age distribution was matched between groups in 14 cases (and not reported in four) and the gender distribution was matched in 16 cases (and not reported in three). Hardy-Weinberg Equilibrium was met in 14 studies, and from six studies the information to calculate Hardy-Weinberg Equilibrium was not available. Figure 1 shows the localization of the peak voxels included in the meta-analysis. Studies that examined two processes are represented with two peak voxels. Three studies could not be included in the figure, because the exact coordinates within the prefrontal cortex were not provided in the paper.
The fixed effects model showed a significant relationship of the COMT genotype and prefrontal activation (Z = 7.662, P < 0.001, d = 0.57, 95% CI = 0.42-0.71) in terms of an increased prefrontal activation (reduced efficiency) associated with the Val allele. There was significant betweenstudy heterogeneity (Q (23) = 164.95, P < 0.001), and therefore a random effects model was calculated. This random effects model again showed a significant association between the COMT genotype and The visual inspection of the funnel plot ( Figure 3 ) as well as Eggers test (T (22) = 1.25, P = 0.22) yielded no evidence for publication bias. Therefore, the impression of a slight right shift in the funnel plot might be because of the fact that there are more studies on the association of COMT and cognitive processes than on COMT and emotional processes.
As the visual inspection of the standard error of the effect size identified a cluster of the first two published studies 16, 17 and one other study, 51 metaanalysis was rerun without these three studies. The test for heterogeneity was justified to rerun this analysis within a random effects framework (Q (20) = 143.734, P < 0.001). The effect size for the association of COMT genotype and prefrontal activation was somewhat reduced but still significant (Z = 2.678, P = 0.007, d = 0.55, 95% CI = 0.015-0.96). Figure 1 Localizations of the peak voxels reported by the studies included in the meta-analysis superimposed on a rendered brain in MNI space. Note: Peak voxels from studies on cognitive processes are displayed in blue, from studies on emotional processes in red and from the two studies 51 ,54 that could not be categorized as either cognitive or emotional in green. Bigger blobs indicate studies with a sample size of 62 and more (N = 62 corresponds to a statistical power of 80% to detect differences in brain activation between genotype groups, see Discussion). Figure 2 Meta-analysis (random effects) of the functional imaging studies examining the association of the COMT polymorphism with prefrontal activation. Central box reflects the effect size of the study; box size is proportional to the sample size, and bars indicate the 95% CI. In the last row, the mean effect size of all studies is shown. The association between COMT genotype and prefrontal activation for 'Emotional processing' was also high but negative, reflecting a stronger activation of PFC (reduced efficiency) in Met-allele carriers (Z = À5.224, P < 0.001, d = À1.0, 95% CI = À1.38-À0.62, Figure 6 ). The study by Ettinger et al. 54 about oculomotor processing, which also showed a negative significant association between COMT and prefrontal activation, could not be classified in any of the subgroups. The study by Bishop et al. 51 investigated the interaction between attentional and affective processes. As the authors used an attention task with emotional distracter stimuli, a clear classification was not possible and therefore the study was also excluded from subgroup analyses. Taking the results together, the analyses provide evidence for reciprocal association of the COMT genotype with prefrontal activation during 'Cognitive processing' and 'Emotional processing.'
Discussion
Two main findings derive from this study: first, we show significant association between the COMT genotype and prefrontal activation without evidence for publication bias. Second, strong and opposing effects were found for executive cognition paradigms (favoring Met-allele carriers) and emotional paradigms (favoring Val), providing meta-analytical evidence for a neural substrate for the pleiotropic behavioral effects of COMT genetic variation.
Significant association of the COMT rs4680 polymorphism provides meta-analytic evidence for the biological relevance of this frequent genetic variant in modulating prefrontal function. The effect size for the pooled group (d = 0.73) indicates a large effect on this biologically based intermediate phenotype. When subdivided into tests for executive cognition and emotional processing, effect sizes became even larger Figure 4 Meta-regression reflecting the association between year of publication and effect size. The metaregression shows a trend for the influence of year of publication on the effect size (P = 0.07). Individual studies are shown as circles. Circle size is proportional to the sample size. Figure 5 Meta-analysis (fixed effects) of the functional imaging studies examining the association of the COMT polymorphism with prefrontal activation for cognitive processing only. Central box reflects the effect size of the study; box size is proportional to the sample size, and bars indicate the 95% CI. In the last row, the mean effect size of all studies is shown. derived an effect size of d = 0.29 for WCST performance, and in a third paper 23 these authors showed for healthy controls for a range of cognitive tasks (trail making task, verbal recall, verbal fluency, IQ score, N-back task and WCST a maximum d = À0.27.
Our findings are, on the other hand, remarkably similar to the effect size found for another functional common genetic variant, 5-HTTLPR, and the impact on amygdala activation, as ascertained by fMRI, where d was 0.54. 60 Taking these data together, we conclude that even if the criteria put forward by Gottesman and Gould 1 are satisfied, not all intermediate phenotypes are created equal: in particular, the penetrance of genetic variants seems to be especially high for functional neuroimaging, which allows unprecedented access to brain physiology that offers a unique opportunity to dissect the neurogenetic architecture associated with risk variation. As from the three studies using electrophysiology (P300 derived from surface EEG) analyzed by Munafò and Flint 5 , only a small compound effect size of d = 0.02 emerged, the modality of functional neuroimaging also seems to matter: at this time, between this study and the results reviewed here, the only method applied in translational genetics for which high effect sizes have been shown is functional magnetic resonance imaging. This indicates that the high spatial resolution and signal to noise of this method, two parameters that distinguish it from EEG and evoked potentials, may be relevant to ascertain genetic effects. High effect sizes for the same genetic variant for functional neuroimaging together with marginal or low effects in neurocognition also indicate that, with regard to the effect of these risk variants, brain function is biologically proximal to behavior-based indices.
The application of meta-analysis requires the combination of comparable data. By limiting our inference to the prefrontal cortex, we attempted to capture the available literature and degree of elaboration of an a priori hypothesis in the imaging genetics of COMT. Furthermore, this focus on the prefrontal cortex reflects the physiology of dopamine modulation of cortical function, where an effect of rs4680 on the interaction of dopamine synthesis with brain activity, indexed by blood flow, was directly shown. 61 As shown in Figure 1 , despite the fact that we included studies using different cognitive activation paradigms, whose main effects in the prefrontal cortex have different spatial distributions, the localization of the voxels with the strongest genotype effect is reported by the studies included in this metaanalysis clusters around Brodmann Area 46 and 9. This clustering could indicate that genotype-related modulation of extracellular dopamine is especially relevant for these brain areas, and provides post hoc support for our approach to include these studies within one analysis. On the other hand, as discussed further below, subdivisions of the prefrontal cortex subserve differential cognitive functions and may be differently related to psychiatric disorders. Increased statistical power from combining studies may thus be partially offset if substantial heterogeneity is present. However, this would argue for an underestimation of effect sizes in this study. When a sufficient number of studies using the same cognitive activation paradigm becomes available for meta-analysis, the relative influence of genotype and task paradigm on effect location should be restudied. Furthermore, we were limited to the published literature. Our finding of a lack of evidence for publication bias agrees with that of the other meta-analysis on functional imaging genetics, 60 but conflicts with some of the results from neurocognitive phenotypes. 5, 22, 23 Again, this emphasizes a distinction between the validity of imaging genetics and behavior-based (including cognitive) intermediate phenotypes. On the basis of the pooled effect size estimate from our main analysis, we can derive the sample size necessary in imaging genetics to achieve 80% power to detect association with Figure 6 Meta-analysis (fixed effects) of the functional imaging studies examining the association of the COMT polymorphism with prefrontal activation for emotional processing only. Central box reflects the effect size of the study; box size is proportional to the sample size, and bars indicate the 95% CI. In the last row, the mean effect size of all studies is shown.
prefrontal cortex activation at an a-level of 0.05 (twotailed) to be 62. Six of the surveyed studies met this criterion, meaning that although the need for sufficient sample sizes in imaging genetics is increasingly recognized, the majority of studies were still in danger of being underpowered. Our estimate of the required sample size agrees well with our own earlier recommendation, 3 as well as the conclusion of Munafò et al., 60 who recommended samples of more than 70 participants.
The second main finding of this work was direct support, on the level of brain function, for pleiotropic action of COMT rs4680 that aligns with a differential impact of this variant on cognitive and emotional function. We found a significant positive association between COMT met genotype and the prefrontal activation for 'Cognitive processing' (d = 0.92) and an equally significant but negative (that is, favoring Valallele carriers) association between genotype and prefrontal activation for 'Emotional processing' (d = À1.0). The mechanisms underlying the observed pleiotropy remain to be fully elucidated. Our analysis shows that increased activation is consistently observed in imaging for participants carrying alleles that have been associated with impairments in the domains that these paradigms access-that is, Val-allele carriers have increased activation in cognitive, Met-allele carriers in emotion processing paradigms. This supports the interpretation that the fMRI activation measure reflects cortical efficiency (in the sense that increased activation for a given level of behavioral response reflects decreased efficiency in the allocation of cortical responses), 62 which is related to signal to noise in the cortex, 3 in good agreement with the preclinical and computational models of dopamine's action in PFC. 63 More specifically, we have interpreted results earlier in PFC to indicate that COMT genotype places individuals at predictable points along the putative inverted U-shaped curve linking prefrontal dopamine stimulation and neuronal activities, with homozygotes for the Val-encoding allele, which presumably possess less synaptic dopamine because of maximal COMT activity, positioned to the left of Met-allele carriers, which seem to be located near the optimum of that curve. 3 In addition, evidence for this comes from a positron emission tomography study 61 showing that COMT genotype has an impact on the prefrontal regulation of midbrain dopamine synthesis in a genotype-dependent directionality consistent with the inverted U-shaped model, 64, 65 and from data on cortical response to amphetamine, which increases synaptic dopamine, 17 or tolcapone, which inhibits brain COMT. 66 These cognitive tasks, especially those that involve working memory, require stability of the cortical representation. Bilder et al. 67 have provided a tonic-phasic dopamine hypothesis model in which the Met allele is associated with increased tonic (and decreased phasic) dopamine neurotransmission subcortically, and increased phasic dopamine cortically. Although such shifts in dopamine tone are hypothesized to result in increased stability of neural networks, they may also render these same networks inflexible to information processing related to emotion. 67 Bilder et al. 67 have argued that much of the negative emotionality associated with the Met allele is related to this fundamental inflexibility. On the basis of earlier evidence that resting blood flow and activation are inversely affected by dopamine synthesis and COMT genetic variation, 61 we propose that the imaging signal obtained in fMRI studies of emotional processing tasks in this study relates to this decreased cortical efficiency as a neural correlate of behavioral inflexibility. Seen this way, the data surveyed in this paper support the hypothesis that fMRI activation indexes a unitary cortical physiology that is differentially related to emotional vs cognitive information processing because of the differential demand these tasks and behaviors place on stability and flexibility, respectively. As an emotional/cognitive tradeoff has been nominated as the mechanism whereby both COMT alleles are maintained in the population 38 , this data therefore represent, to our knowledge, not only a first demonstration of a physiological mechanism of pleiotropy, but also potentially of balancing selection in behavioral genetics.
Notwithstanding this intriguing hypothesis to explain the imaging genetics data analyzed here and their behavioral impact through a unitary cortical property related to dopaminergic stimulation, further work should also investigate whether regional heterogeneity within the prefrontal cortex, as well as in the connectivity of the prefrontal cortex, also contributes to differential genetic effects of COMT rs4680. In fact, our data show that emotional tasks tended to activate orbitofrontal or inferolateral PFC, [40] [41] [42] compared with the dorsolateral 13, [15] [16] [17] 20, 46, [55] [56] [57] [58] [59] localization in cognitive tasks. As we have recently found that COMT genetic variation on brain structure differs by region, 68 it seems possible that this variant also has differential effects on orbital/inferior vs lateral/dorsal PFC.
In summary, our results provide evidence supporting a fundamental assumption of imaging genetics, that of increased penetrance of genetic variation on the level of neuroimaging, show a neural mechanism of pleiotropy that may underlie balancing selection of rs4680, and allow evidence-based recommendations for sample sizes in imaging genetics. Taken together with findings that a false-positive rate is controlled using commonly used procedures in imaging genetics, 69 this findings support this method as a sensitive and specific assay of neurogenetic risk mechanisms in psychiatric genetics.
